We study the electro-optic properties of subwavelength-pitch deformed-helix ferroelectric liquid crystals (DHFLC) illuminated with unpolarized light. In the experimental setup based on the Mach-Zehnder interferometer, it was observed that the reference and the sample beams being both unpolarized produce the interference pattern which is insensitive to rotation of in-plane optical axes of the DHFLC cell. We find that the field induced shift of the interference fringes can be described in terms of the electrically dependent Pancharatnam relative phase determined by the averaged phase shift, whereas the visibility of the fringes is solely dictated by the phase retardation.
I. INTRODUCTION
Liquid crystal (LC) spatial light modulators (SLMs) are known to be the key elements widely employed to modulate amplitude, phase, or polarization of light waves in space and time [1] . Ferroelectric liquid crystals (FLCs) represent most promising chiral liquid crystal material which is characterized by very fast response time (a detailed description of FLCs can be found, e.g., in [2] ). However, most of the FLC modes are not suitable for phase-only modulation devices because their optical axis sweeps in the plane of the cell substrate producing undesirable changes in the polarization state of the incident light.
In order to get around the optical axis switching problem the system consisting of a FLC half-wave plate sandwiched between two quarter-wave plates was suggested in [3] . But, in this system, the 2π phase modulation requires the smectic tilt angle to be equal to 45
• . This value is a real challenge for the material science and, in addition, the response time dramatically increases when the tilt angle grows up to 45
• [4, 5] . An alternative approach proposed in [6, 7] is based on the orientational Kerr effect in a vertically aligned deformed helix ferroelectric LC (DHFLC) with subwavelength helix pitch. This effect is characterized by fast and, under certain conditions [8, 9] , hysteresis-free electro-optics that preserves ellipticity of the incident light.
An important point is that all the above mentioned studies deal with the case of linearly polarized illumination where the incident beam is fully polarized. In this paper, we will go beyond this limitation and examine the electro-optic behavior of the planar aligned DHFLC cells illuminated with unpolarized light as the way to obtain the response insensitive to the effect of electricfield-induced rotation of in-plane optical axes which was found to be responsible for the presence of amplitude modulation [10] . The paper is organized as follows.
In Sec. II, after introducing the geometry of the DHFLC cell and discussing the orientational Kerr effect, we describe the samples and our experimental setup which is based on the Mach-Zehnder interferometer. The experimental results are interpreted theoretically in Sec. III. Finally, in Sec. IV we draw the results together and make some concluding remarks. Details on the effective dielectric tensor of DHFLC cells are given in the Appendix.
II. EXPERIMENT
We consider a DHFLC layer of thickness D with the z axis normal to the bounding surfaces: z = 0 and z = D (see Fig. 1 ). The geometry of a uniform lying DHFLC helix with subwavelength pitch where the helix (twisting) axisĥ is directed along the x axis will be our primary concern. In this geometry depicted in Fig. 1 the equilibrium orientational structure can be described as a helical twisting pattern where FLC molecules align on average along a local unit director
where θ is the smectic tilt angle;ĥ =x is the twisting axis normal to the smectic layers andĉ ⊥ĥ is the cdirector. The FLC director (1) lies on the smectic cone depicted in Fig. 1 (left) and rotates in a helical fashion about a uniform twisting axisĥ forming the FLC helix. This rotation is described by the azimuthal angle around the cone φ that specifies orientation of the c-director in the plane perpendicular toĥ. Figure 1 (right) illustrates the uniform lying FLC helix in the slab geometry with the smectic layers normal to the substrates and h =x,ĉ = cos φŷ + sin φẑ, E = Eẑ,
where E is the applied electric field which is linearly coupled to the spontaneous ferroelectric polarization
wherep is the polarization unit vector. For a biaxial FLC, the components of the dielectric tensor, ε, are given by
where i, j ∈ {x, y, z}, δ ij is the Kronecker delta; 
, where the magnetic tensor of FLC is assumed to be isotropic with the magnetic permittivity µ. According to Refs. [10] [11] [12] , optical properties of such cells can be described by the effective dielectric tensor of a homogenized DHFLC helical structure (the results used in this paper are summarized in the Appendix). As is shown in Fig. 2 , the zero-field (E = 0) dielectric tensor is uniaxially anisotropic with the optical axis directed along the twisting axisĥ =x. The zero-field effective refractive indices of extraordinary (ordinary) waves, n h (n p ), generally depend on the smectic tilt angle θ and the optical (high frequency) dielectric constants characterizing the FLC material that enter the tensor given in Eq. (4) (the expressions for h = n 2 h and p = n Referring to Fig. 2 , the electric-field-induced anisotropy is generally biaxial so that the dielectric tensor is characterized by the three generally different principal values (eigenvalues): ± = n 2 ± and z = n 2 z (see Eqs. (A12) and (A13) in the Appendix). The in-plane principal optical axes (eigenvectors)
are rotated about the vector of electric field, E ẑ, by the azimuthal angle ψ d (see Eq. (A18) in the Appendix). In the low electric field region, the electric field dependence of the angle ψ d is approximately linear: ψ d ∝ E, whereas the electrically induced part of the principal refractive indices, n ± and n z , is typically dominated by the Kerr-like nonlinear terms proportional to E 2 (see, e.g., equations (10)- (18) in Ref. [10] ). This effect -the so-called orientational Kerr effect -is caused by the electrically induced distortions of the helical structure. It is governed by the effective dielectric tensor of a nanostructured chiral smectic liquid crystal defined through averaging over the FLC orientational structure [6, 7, 11, 12] . effective ellipsoid is uniaxially anisotropic with the optical axis parallel to the helix axis (the x axis). The refractive indices n h and n p correspond to the optical axes along and perpendicular to the helix axis, respectively. Right: applying an electric field across the cell, makes the optical anisotropy biaxial with the two in-plane optical axes rotated by the angle ψ d ∝ E about the electric field vector E.
In our experiments we have used the FLC mixture FLC-624 (from P.N. Lebedev Physical Institute of Russian Academy of Sciences) as the material for the DHFLC layer. The FLC-624 is a mixture of the FLC-618 (the chemical structure can be found in [7] ) and the wellknown nematic liquid crystal 5CB. The weight concentrations in the mixture are 98% of FLC-618 and 2% of 5CB. The phase transition sequence of the FLC-624 during heating from the solid crystalline phase is
at cooling down from isotropic phase crystallization occurs around +6
• C. At room temperature (T = 23
• C), the spontaneous polarization P s and the FLC helix pitch p 0 are 185 nC/cm 2 and 210 nm, respectively. The FLC-624 layer is sandwiched between two glass substrates covered by indium tin oxide (ITO) and aligning films with the thickness 20 nm and the gap is fixed by spacers at D ≈ 53 µm. The FLC alignment technique that provides high-quality chevron-free planar alignment with smectic layers perpendicular to the substrates is detailed in Ref. [10] . Electro-optical studies of DHFLC cells are typically carried out by measuring the transmittance of normally incident light passing through crossed polarizers. By contrast, our experimental setup shown in Fig. 3 is based on a Mach-Zehnder two-beam interferometer where the FLC cell is placed in the path of the sample beam.
A helium-neon laser with the wavelength of 632.8 nm was used as a source of unpolarized light. A beam splitter (BS) divides a collimated unpolarized laser light into two beams, the reference and the sample beams, which, after reflection at the mirrors M 1 and M 2 , are recombined at the semireflecting surface of the beam splitter (BS). The interfering beams emerging from the interferometer optionally pass through an output polarizer with the transmission axis azimuth ψ p and then are projected by the lens on to a screen with a pinhole. After passing the pinhole, light is collected by a photomultiplier (PMT) used in the linear regime as a photodetector.
The interferometer was adjusted to obtain the fringes of equal thickness shown in Figs. 4 and 5. The period of the interference pattern was 120 times larger than the pinhole diameter and thus our measurements of the light intensity were performed with an accuracy less than 0.7%. In order to minimize the polarizing effects of Fresnel reflections, all the directions of incidence were close to the normal (deviations from the normal were less than 2 • ) so that the measured values of the degree of polarization of both beams were below 10 −4 . Fig. 4 .
III. THEORY
Theoretically, the above findings can be interpreted in terms of the output beam written as the sum of the vector amplitudes
representing the light transmitted through the FLC cell (the sample beam), E s = E
where T s is the transmission matrix that, for the case of normal incidence, can be easily obtained from the general results of Refs. [12, 13] in the form:
where ρ ± = (n ± − n m )/(n ± + n m ) is the Fresnel reflection coefficient; n m is the refractive index of the ambient medium; h = k vac D is the thickness parameter; k vac = ω/c is the free-space wavenumber; and an asterisk will indicate complex conjugation. When the reflection coefficients, ρ ± , are small, the transmission coefficients, t + and t − , can be approximated by the well-known formulas
and, in this reflectionless approximation, the transmission matrix is unitary. The beam emerging from the interferometer and the incident light are characterized by the 2 × 2 equal-time coherence matrices [14, 15] , M and M 0 , with the elements M αβ = E α E * β and M (0)
spectively. From the general relation linking these matrices M = TM 0 T † , where T = T s + T r and a dagger will denote Hermitian conjugation, we have the coherence matrix of the output wavefield (6) given by
where M r = T r M 0 T † r = M 0 is the coherence matrix of the reference beam, M s = T s M 0 T † s is the coherence matrix of the light transmitted through the DHFLC cell and M i is the interference term.
For the case where the input light is unpolarized and its coherency matrix is proportional to the unity matrix, M 0 = I 0 2 I 2 ≡ M u , the coherence matrix (11) takes the form:
where I = E · E * is the total intensity of the beams exiting the interferometer; Φ is the averaged phase shift; 2∆Φ = (n + − n − )h is the difference in optical path of the ordinary and extraordinary waves known as the phase retardation.
The approximate expressions for the intensity and polarization parameters, m 0 and m p , are derived using the approximation given by Eq. (10). This is the case where the matrix T s is unitary and, similar to the reference beam, the light field emerging from the FLC cell is unpolarized: M s = M r = M u . So, the only electric field dependent contribution to the coherence matrix of the total wavefield M (see Eq. (11)) comes from the interference term M i .
This term is responsible for the following two effects: (a) electrically induced modulation of the intensity described by Eq. (13); and (b) the total wavefield (6) is partially polarized with the degree of polarization P = |m p |/m 0 and the Stokes parameters (16) varying with applied electric field. The latter, in particular, implies that the intensity of light that after the interferometer passes through a linear polarizer
depends on orientation of the polarizer transmission axis specified by the azimuthal angle ψ p . From (13), electric-field-induced modulation of the intensity does not depend on orientation of the optical axes (the azimuthal angle ψ d ) and will occur even if the cell is optically isotropic and Φ + = Φ − = Φ. Interestingly, this effect can be interpreted in terms of the Pancharatnam phase, Φ P .
This phase has a long history dating back to the original paper by Pancharatnam [16] (see also a collection of important papers [17] ) and can naturally be defined as the phase acquired by a light wave as it evolves along a path in the space of polarization states. In our case, the Pancharatnam phase is generated by evolution of mixed polarization states governed by the transmission matrix T s (h) (a recent discussion of the Pancharatnam phase for pure and mixed states in optics can be found, e.g., in [18, 19] ).
To be more specific, let us consider a partially polarized input beam with the degree of polarization equal to P 0 and the normalized coherency matrix ρ 0 = M 0 /I 0 (Trρ 0 = 1) which is known to play the role of the density matrix describing the mixed polarization state. This matrix can generally be expressed in terms of the eigenstates as follows
where the eigenpolarization vectors,f + andf − , form the orthonormal basis that meets the orthogonality conditions:f * µ ·f ν = δ µν (δ µν is the Kronecker delta). Similar to Eq. (16), the Stokes vector of the mixed state (18) can be written in the form:
whereŝ 0 is the normalized unit Stokes vector characterizing the partially polarized input wave.
In accordance with the interferometry based approach [20, 21] , this is the interference part of the intensity, I i = TrM i , determined by the interference term of the coherence matrix (11)
that gives the Pancharatnam phase, Φ P , and the visibility of the interference pattern, V . These are thus defined by the averaged transmission matrix through the general relation
For the mixed state (18) and the transmission matrix (8), it is not difficult to derive the expression for F P which can be conveniently written in the following form:
In the case of unpolarized light and unitary transmission matrix [see Eq. (10)] where P 0 = 0 and τ + ≈ cos(∆Φ) exp(iΦ), the formulas for the Pancharatnam phase and the visibility assume the simplified form:
It should be stressed that the phase Φ P defined by the relations (21)- (23) is the total relative phase between the beams before and after the cell. For unpolarized light with P 0 = 0, the Pancharatnam phase (24) is governed by the average of in-plane refractive indices: (n + + n − )/2, whereas the visibility (25) is determined by the retardation phase 2∆Φ. The intensity of the interference pattern (13) can now be recast into the simple form
which is manifestly independent of optical axes orientation and shows that the electrically induced shift of the interferogram is solely dictated by the Pancharatnam phase. • is the smectic tilt angle, and r 2 ≈ 1.03 is the biaxiality ratio.
Note that the points where the visibility vanishes (V = 0) represent the phase singularities where the Pancharatnam phase is undefined. In the observation plane, such singularity points may, under certain conditions, form curves that can be visualized as the zero visibility fringes. From (25), such fringes indicate the loci of the points where the phase retardation meets the condition of half-wave plates: cos(∆Φ/2) = 0. So, these singularity lines might be called the half-wave fringes. Figure 5 shows the interferogram where such fringes arising from variations in cell thickness are easily discernible as zerocontrast stripes separating different areas of the interference fringes.
Formulas (13) and (17) presented in Figs. 6 and 7. For this purpose, we assume that the FLC mixture is characterized by the parameters:
92 (n ≡ n e ≈ 1.71) and θ = 33
• . Then the fitting gives the values of ratios: P s /χ E ≈ 2.26 V/µm and r 2 = 2 / ⊥ = 1.03 that are regarded as the fitting parameters. The theoretical curves are shown in Figs. 6 and 7. Interestingly, the value of the biaxiality ratio differs from unity and thus the optical anisotropy of the mixture appears to be weakly biaxial. Similar result was reported in our previous study [10] .
IV. DISCUSSION AND CONCLUSION
In this paper, we have studied electric-field-induced modulation of unpolarized light in the DHFLC with subwavelength helix pitch using the experimental technique based on the Mach-Zehnder interferometer. Such modulation occurs under the action of the voltage applied across the cell and manifests itself in the electrically dependent shift and contrast of the interference pattern.
The shift and the visibility are found to be governed by the Pancharatnam phase and the phase retardation, respectively. The distinctive features of the electro-optic response in the regime of unpolarized illumination are: (a) insensitivity to the rotation of in-plane optical axes (this property was initially regarded as a requirement for pure phase modulation); and (b) modulation at subkiloherz operating frequencies (similar result was reported in [7] for vertically aligned DHFLCs). So, modulation of unpolarized light driven by the orientational Kerr effect might be of considerable importance for applications in photonic devices such as deflectors, switchable gratings and wave-front correctors.
Our concluding remark concerns the Pancharatnam phase that, for the mixed polarization state (18) , is given by formulas (21) and (22) . The electrically induced shift of the interference fringes is naturally associated with this phase. We can also apply the approach of Refs. [20, 21] to derive the expression for the geometric phase Φ gthe so-called Sjöqvist's phase -which is the part of Φ P obtained by excluding the dynamical contribution. Such phase is an important characteristics which is determined solely by the geometry of the path in the space of polarization states.
In particular, when the transmission matrix is unitary [see Eq. (10)], it is rather straightforward to show that the geometric phase can be written in the following form: From Eqs. (27) and (28), it can be inferred that, similar to the visibility, V = |F P |, the geometric phase Φ g depends on the phase retardation 2∆Φ, and the angle between the unit Stokes vectors,ŝ 0 andŝ d , characterizing the input wave and the light linearly polarized along the optical axisd + , respectively: cos ψ 0 =ŝ 0 ·ŝ d . It comes as no surprise that, for unpolarized incident light, the geometric phase (27) vanishes. Similar remark applies to the case of circular polarized light where cos ψ 0 = 0. A more general case of non-unitary evolution requires a more sophisticated and comprehensive analysis of the electrically dependent geometric phases generated by DHFLC cells. Such analysis is beyond the scope of this paper and its results will be published elsewhere. 
The in-plane optical axes are given bŷ
From Eq. (A7), it is clear that the zero-field dielectric tensor is uniaxially anisotropic with the optical axis directed along the twisting axisĥ =x. The applied electric field changes the principal values (see Eqs. (A12) and (A13)) so that the electric-field-induced anisotropy is generally biaxial. In addition, the in-plane principal optical axes are rotated about the vector of electric field, E ẑ, by the angle ψ d given in Eq. (A18).
